VOLUME 16 | NUMBER 8 | AUGUST 2013 nature neurOSCIenCe a r t I C l e S In mammals, sensory stimuli originating from peripheral sensory organs or receptors are relayed to the neocortex, where they are pro cessed in modalityspecific primary and higherorder sensory areas and brought to perception 1,2 . The sensory periphery is represented in the primary sensory areas in organized maps. For example, tactile receptors distributed over the body are represented in somatotopic maps in S1 (refs. 3,4). The size of the representation of a body part in the S1 cortical map relates directly to the relative number and density of peripheral sensory receptors that innervate that body part 3, 5 . This relationship results in the body representation in S1 being organized into a distorted somatotopic map, with body parts disproportion ally represented on the basis of innervation density rather than size of the body part. Similar body maps are also evident in subcorti cal sensory nuclei that connect the sensory periphery to S1, first in hindbrain sensory nuclei and ultimately through the projection of thalamocortical axons (TCAs) from the ventroposterior thalamic sensory nucleus (VPN) developing in a peripheraltocentral, or bottomup, progression [6] [7] [8] [9] [10] (Supplementary Fig. 1) .
a r t I C l e S
In mammals, sensory stimuli originating from peripheral sensory organs or receptors are relayed to the neocortex, where they are pro cessed in modalityspecific primary and higherorder sensory areas and brought to perception 1, 2 . The sensory periphery is represented in the primary sensory areas in organized maps. For example, tactile receptors distributed over the body are represented in somatotopic maps in S1 (refs. 3,4) . The size of the representation of a body part in the S1 cortical map relates directly to the relative number and density of peripheral sensory receptors that innervate that body part 3, 5 . This relationship results in the body representation in S1 being organized into a distorted somatotopic map, with body parts disproportion ally represented on the basis of innervation density rather than size of the body part. Similar body maps are also evident in subcorti cal sensory nuclei that connect the sensory periphery to S1, first in hindbrain sensory nuclei and ultimately through the projection of thalamocortical axons (TCAs) from the ventroposterior thalamic sensory nucleus (VPN) developing in a peripheraltocentral, or bottomup, progression [6] [7] [8] [9] [10] (Supplementary Fig. 1 ).
The sensory map in a primary cortical area is malleable in both the adult and developing brain and shows plasticity in its organization in response to manipulations of the sensory periphery 3, 4, [11] [12] [13] . Plasticity in sensory maps has been studied most intensively in the somatosen sory system of mice because the body map can be revealed using ana tomical methods that relate directly to its functional representations throughout the brain, and the body map can be reproducibly manipu lated peripherally with sensory deprivation and centrally with genetic approaches. Development of a normal body map in S1 requires an intact sensory periphery and connectivity from the periphery through to cortex during a critical period of development. Manipulations of the sensory periphery during this critical period that result in sensory deprivation-for example, removal of sensory innervation to a body part-produce a defect or absence of representation of the deprived body part in subcortical and S1 cortical body maps. Similarly to map development, this plasticity proceeds in a peripheraltocentral or bottomup progression 3, 4 , beginning with a defective body map in sensory hindbrain nuclei, which moves to the VPN thalamus and then the S1 cortex 14 .
In contrast to the vast literature on bottomup plasticity 3, 4, [8] [9] [10] 15 , little is known about how the size of a primary sensory area influences the cortical representation of the sensory periphery and whether an altered cortical representation might engage a topdown plasticity. These issues are of particular importance because the sizes of primary areas in humans reportedly vary as much as 200% across the normal population [16] [17] [18] , and more sizeable differences are present in individu als with developmental trauma or congenital defects of the cortex, which can result in behavioral deficits and neural dysfunction 19, 20 . Further, tactile and motor behaviors are degraded in adult mice when sensorimotor areas are either reduced or increased in size by embry onic genetic manipulations 21 or disconnected from the thalamus 22 . Here we use the mouse somatosensory system as a model to address the influence of cortical area size on sensory representations and the potential for topdown plasticity to modify subcortical sensory nuclei in response to changes in S1.
RESULTS
Cortex-specific deletion of Pax6 reduces S1 size Transcription factors expressed by cortical progenitors regulate area size and position 23 . A role for the transcription factor Pax6 in preferentially specifying sensorimotor areas has been suggested by analyses of small eye-mutant mice that lack functional Pax6 protein 24 , a r t I C l e S but small eye mutants have compromising brain defects and die at birth before the emergence of cortical areas. Therefore, to address whether Pax6 determines S1 size, we crossed mice with floxed alleles of Pax6 (ref. 25) to mice from an Emx1-internal ribosome entry site (IRES)Cre line 26 that generates robust recombination selectively in cortical progenitors (Fig. 1a) at embryonic day (E) 10.5 (refs. 26,27) to generate viable Pax6 conditional knockout (cKO) mice 28 with cortex specific Pax6 deletion (Fig. 1b,c) . We performed our primary analyses at postnatal day (P) 7, when area patterning can be defined and the critical period for morphological plasticity in the patterning of the somatotopic body map in S1 is over 11, 12, 15, 23 .
We used the S1 marker Rorb on tangential sections of flattened cortex at P7 to show that the cortical field with S1 properties was substantially reduced in size in cKO mice compared to wildtype mice (Fig. 1d,e) . We confirmed this assessment using serotonin (5HT) immunostaining, which reveals the somatotopic body map that comprises S1, including the primary body representations of the hindpaw, forepaw, lower jaw, posterior medial barrel subfield (PMBSF) and anterior lateral barrel subfield (ALBSF). The PMBSF and ALBSF, which are the most prominent representations in mouse S1 (Supplementary Fig. 1 ), can be accurately delineated and used to exemplify the effects of Pax6 deletion on S1. Even after correction for Figure 1 Pax6 specifies S1-area identity in cortical progenitors and determines S1 size. (a) Cre-mediated recombination produced by crossing Emx1-IRES-Cre mice to mice of the R26R reporter line reveals robust β-galactosidase staining that is restricted to the dorsal telencephalon, including the neocortex, at E12. CTX, cortex; GE, ganglionic eminence. (b) In situ hybridization (ISH) for Pax6 mRNA in Pax6 flox/flox ; Emx1-IRES-Cre − (wild type (WT)) embryos at E12, revealing graded expression of Pax6 in cortical progenitors (between arrowheads) and strong expression in the rostral migratory stream (RMS) bordering the ganglionic eminence and in the ventral thalamus (vTH). dTH, dorsal thalamus; A, anterior; D, dorsal; L, lateral. (c) In Pax6 flox/flox ; Emx1-IRES-Cre + (cKO) embryos at E12, Pax6 mRNA is selectively deleted from cortical progenitors (between arrowheads) but remains at normal levels in the RMS and vTH. (d,e) ISH on tangential sections of flattened cortex at P7 for the sensory area marker Rorb showing that deletion of Pax6 from cortical progenitors specifically using Emx1-IRES-Cre (cKO) mice results in a reduction of S1 size compared to wild-type mice. Dashed lines outline the S1 border, as identified by Rorb staining. M, medial; P, posterior; V1, primary visual area; A1, primary auditory area. Scale bars, 0.5 mm. Bar in b applies to c; bar in d applies to e. Figure 2 Quantification of the absolute and relative sizes of S1 representations in cKO mice. (a-e) The neocortical surface area and size of S1 barrel fields quantified at P7 using 5HT staining on tangential sections of flattened cortex. The neocortex of the cKO mice was 51.6% ± 1.89% (mean ± s.e.m.) the size of that of wild-type mice (a; P < 0.0001, t = 18.5, degrees of freedom (df) = 33, n = 6). The relative size of the PMBSF of cKO mice was 72.8% ± 3.49% that of wild-type mice (b; P = 0.0015, t = 6.3, df = 5, n = 6), and the absolute size of the PMBSF of cKO mice was 37.1% ± 1.74% that of wild-type mice (d; P < 0.0001, t = 14.1, df = 10, n = 6). The relative size of the ALBSF of the cKO mice was 27.4% ± 2.88% that of the wild-type mice (c; P < 0.0001, t = 38.5, df = 5, n = 6), and the absolute size of the ALBSF of the cKO mice was 14% ± 1.70% that of the wild-type mice (e; P < 0.0001, t = 24.1, df = 10, n = 6). *P < 0.05; ***P < 0.0001 (unpaired two-tailed t test). Scale bar, 0.5 mm. Bar in a applies to all panels. For relative measurements in b and c, cortical surface area (black dashed outline) was divided by a given surface area (white dashed outline). For absolute measurements in d and e, white outlines show the quantified area. npg a r t I C l e S the reduction in overall cortical size in cKO mice compared to wild type mice (Fig. 2a) , both the PMBSF and ALBSF were significantly (P < 0.001) reduced in size in cKO mice (Fig. 2b,c ). These findings demonstrate that Pax6 has an important role in specifying S1area identity in cortical progenitors (Supplementary Fig. 2 ). They also show that Pax6 cKO mice provide a model to address the effect of reduced S1 size on cortical sensory representations and to determine whether alterations in the cortical body map result in a topdown plasticity in the sensory thalamus and hindbrain.
Reduced S1 contains a miniaturized and incomplete body map Each of the primary body representations that comprise S1 is sub stantially reduced in size in cKO mice compared to that in wildtype mice (Figs. 2 and 3a-d) . Quantification showed that the primary representations were reduced in both absolute and relative size but varied substantially in the degree of reduction among the representa tions. For example, the PMBSF was reduced by 62% in absolute size and 27% in relative size (Fig. 2b,d ), whereas the ALBSF was reduced by 85% in absolute size and 72% in relative size (Fig. 2c,e) . Although the relative measurements demonstrate a role for Pax6 in specifying S1area identity, the measurements of absolute size are more relevant for the issue of plasticity in sensory circuits and the potential for changes in S1 size and body map to engage a topdown plasticity that may affect VPN and sensoryhindbrain nuclei.
Both the PMBSF and ALBSF are representations of whiskers on the mouse's face and are composed of anatomically discrete, functional units called 'barrels' that are patterned into onetoone representa tions that mirror the stereotypic distributions of the facial whiskers 8, 15 ( Supplementary Fig. 1 ). The PMBSF is the representation of the large facial whiskers (mystacial vibrissae), whereas the ALBSF is the rep resentation of the small facial whiskers on the anterior snout 8 . The PMBSF and ALBSF have the highest magnification factor for any body representation in S1, which is consistent with their behavioral impor tance to mice and the density of their sensory innervation 6, 7, 15 .
The representation of each body part in S1 was not only substan tially reduced in size in cKO mice but also seemed to be incomplete, with the defects in the ALBSF being the most substantial ( Fig. 3a-d) . In addition to the near complete loss of the ALBSF, with only 14% (P < 0.0001) of this representation persisting in cKO mice, virtually all of the small barrels representing the upper jaw whiskers in the ALBSF of wildtype mice were absent in the ALBSF of cKO mice (Fig. 3e,f) . Significant changes were also evident in the represen tation of the large facial whiskers in the PMBSF of S1. Consistent with the 62% (P < 0.0001) decrease in absolute size of the PMBSF in cKO mice, the individual barrels that comprise it were reduced by 50% (± 4.3% s.e.m., P < 0.0001, t = 17.04, degrees of freedom = 62, n = 8 per genotype) in size on average compared to wildtype mice. In contrast to the five barrel rows in the PMBSF of wildtype mice, we found only four barrel rows in the PMBSF in each of the 28 cKO mice analyzed ( Fig. 3a-f) . We identified the missing row to be PMBSF row A by lesioning the Crow whisker follicles on P1 in both wildtype and cKO mice to induce bottomup plasticity that marked the C row ( Supplementary Fig. 3 ). Our findings show that cortexspecific dele tion of Pax6 resulted in an S1 of reduced size, miniaturized represen tations of body parts in the reduced S1 that varied in degree among the primary presentations and an incomplete representation of the sensory periphery characterized by the reproducible loss of specific parts of the body map (Fig. 3g) .
The thalamus is repatterned to match S1
The reproducible defects of the body map in S1 of cKO mice provided a model to investigate whether sensory systems have a topdown plas ticity that complements the muchstudied bottomup plasticity in a reverse progression 3, 4, 15, 29 . We addressed whether the reduced size of S1 and its incomplete body map in cKO mice were transferred retrogradely through a topdown plasticity from the S1 cortex to the VPN thalamus and perhaps even further down the sensory neuraxis to the trigeminal hindbrain nuclei. To investigate this issue, we analyzed the patterning of VPN thalamus and hindbrain trigeminal nuclei at P7, when cKO mice show an incomplete S1 body map with deletions of specific body representations (Fig. 3) . 
a r t I C l e S
In wildtype mice at P7 (Fig. 4) , cytochrome oxidase (COX) histo chemical staining of coronal sections of the thalamus revealed rep resentations of the forepaws and hindpaws laterally and the lower jaw medially in the ventral VPN and representations of the PMBSF laterally and the ALBSF medially in the dorsal VPN (Fig. 4a,c) . As in the S1 cortex, the PMBSF and the ALBSF were the dominant body representations in the VPN. The PMBSF representation in the VPN was patterned into five rows of discrete 'barreloids' that mirrored the patterning of cortical barrels in the PMBSF of S1 and the large facial whiskers 9 (Fig. 4a,c and Supplementary Fig. 1 ). In cKO mice at P7, the size of the VPN was reduced to half of that in wildtype mice, paralleling the reduction in S1 size (Fig. 4e) . COX staining revealed that the somatotopic patterning into the primary represen tations that was evident in the VPN of wildtype mice was intact in the cKO mice ( Fig. 4a-d) , but each representation was markedly reduced in size, which closely approximated their reduction in S1 of cKO mice (compare Fig. 2d,e to Fig. 4e-g ). For example, the repre sentations of the PMBSF and ALBSF in the VPN were reduced by 60% and 71%, respectively, in the cKO mice at P7, closely parallel ing the 62% and 85% reductions, respectively, in the absolute size of these representations in S1. Thus, in cKO mice at P7, the overall size of the VPN and the primary representations in the VPN body map showed significant (P < 0.0001) reductions that matched those in their S1 counterparts.
In addition to the substantial reduction in the size of the VPN ALBSF in cKO mice, most of the discrete patterning that was evident in the VPN of wildtype mice was absent in the VPN of cKO mice (Fig. 4b,d) , paralleling the loss of most of the barrels that normally comprise the ALBSF in S1 (Fig. 3b,d) . Similarly to the defects that we identified for the PMBSF in S1 of cKO mice, COX staining of the VPN revealed only four rows of barreloids in cKO mice at P7 (Fig. 4b,d) , with a deletion of row A that corresponded to the absence of row A in the PMBSF of S1 (Fig. 3e,f) . We also used COX staining to investigate whether the defective body maps evident in S1 and VPN of cKO mice were transferred retrogradely to the trigeminal hindbrain nuclei. In contrast to bottomup plasticity, which induces changes in body maps in a bottomup progression through the sensory pathway from the hindbrain to the cortex after whisker manipulation 3, 4, 11, 12 , both the overall size and completeness of the barrelette representations in the trigeminal sensory hindbrain nuclei were indistinguishable between wildtype and cKO mice (Fig. 5a-d) .
These findings showed that the reduced body map in the S1 cortex of cKO mice at P7 and the selective loss of specific representations were transferred retrogradely to the VPN thalamus, resulting in its repatterning to mirror the aberrant body map in S1. However, this topdown plasticity did not progress further down the sensory neuraxis to the trigeminal hindbrain sensory nuclei, suggesting that the stability of these nuclei and their axonal projections to the VPN had matured beyond the critical period for topdown plastic ity or afferent input from the trigeminal ganglia was sufficient to maintain them.
Selective apoptosis repatterns the thalamus
To identify mechanisms responsible for the topdown plasticity in cKO mice that repatterned the VPN to match its size and body map to those of S1, we analyzed the VPN of newborn mice (Fig. 6) , an age that is early in the development of VPN TCA input to S1 and is during the critical period for bottomup plasticity 11, 12 . Analyses of thalamic architecture using Nissl stain and serotonin immunolabe ling showed that the size and appearance of the VPN were similar in (e-g) Quantification of the VPN body maps, including VPN volume (e; 47.8% ± 2.11% (mean ± s.e.m.) in cKO compared to wild-type mice, ***P < 0.0001, t = 9.9, df = 8, n = 6), PMBSF barreloid volume (f; 40.08% ± 2.38% in cKO compared to wild-type mice, ***P < 0.0001, t = 8.4, df = 8, n = 6) and ALBSF barreloid volume (g; 28.62% ± 1.83% in cKO compared to wild-type mice, ***P < 0.0001, t = 15.6, df = 8, n = 6). The dashed lines indicate the areas measured, as in Figure 2 . Scale bars, 250 µm. Bar in a applies to b; bar in e applies to f,g), npg a r t I C l e S wildtype and cKO mice at P0 (Fig. 6a,b,e) . Molecular markers that highlight complementary subdivisions of the VPN, such as choline acetyltransferase, which marks the ventrolateral VPN, and Epha7, which marks the dorsomedial VPN, revealed no differences in the molecular patterning of the VPN in wildtype and cKO mice at P0 (Fig. 6c,d ). These findings showed that the initial development of the VPN in cKO mice was similar to that in wildtype mice. Thus, the substantial differences at P7 between the VPN of wildtype and cKO mice were due to a postnatal repatterning of the VPN in cKO mice in response to the reduced size and aberrant body map of S1. COX staining at P0 revealed the apparent onset of the repatterning of the VPN in cKO mice that was manifested by P7 (Fig. 4) . COX staining in the VPN is a result of its presence in the mitochondria of VPN neurons and in presynaptic terminals of VPN neurons formed by axons ascending from sensory hindbrain nuclei 15 . In wildtype mice, there was robust COX staining throughout the VPN (Fig. 6f) . However, in the VPN of cKO mice, robust COX staining was con tracted and did not extend throughout the nucleus (Fig. 6f) . This pattern of COX staining in cKO mice correlated with changes in the body map that became evident at P7: robust COX staining centrally in the VPN was coincident with the nascent representation of the four barreloid rows preserved at P7, whereas lowintensity COX staining at the VPN periphery was coincident with parts of the VPN that contained representations in the VPN body map that were most severely reduced or absent at P7, including the ALBSF and barreloid row A of the PMBSF (compare Fig. 6f to the schematics in Fig. 4c,d) . These correlations and the role of COX as an important regulator of oxidative stress [30] [31] [32] suggest that COX staining reveals the viability of VPN neurons that represent different body parts and predicts the likelihood of their survival in cKO mice.
These findings indicate that the VPN neurons in cKO mice that would normally form the absent or most severely diminished map representations in S1 were eliminated, resulting in reduced VPN size and repatterning of the VPN body map at P7. To further investi gate this issue, we performed immunostaining for cleaved caspase 3, an early apoptotic marker. In wildtype mice at P0, we identified only a few caspase 3-labeled cells scattered over the VPN (Fig. 6g,h ).
In contrast, in cKO mice at P0, large numbers of VPN cells were strongly labeled for caspase 3 (Fig. 6g,h ). Rather than being scat tered across the VPN, these cells were absent from the domain of robust COX staining in the central VPN and were instead clustered in VPN regions with lowintensity COX staining coincident with the body representations that were the most severely diminished or were absent at P7 in S1 and VPN, including row A of the PMBSF and most of the ALBSF (compare Fig. 6f,h to Figs. 3a-d and 4a-d) . These findings show that in cKO mice, molecularly normal VPN neurons in regions with abnormally low amounts of COX were eliminated through apoptosis, resulting in a topdown plasticity that reduced and repatterned an initially normally sized and patterned VPN to match the reduced S1 in overall size, resolution and completeness of somatotopic representations in the body map.
TCA competition drives map plasticity
Our findings show that a period of selective and exaggerated apop tosis repatterned the VPN to match the reduced size and incomplete body map of the reduced S1 in cKO mice. We hypothesized that this repatterning process was driven by competitive interactions between TCAs of the VPN neurons in the reduced S1 of cKO mice, with the losers being eliminated. The exaggerated neuronal death in cKO mice was densely concentrated in selective regions of the VPN, lead ing to the preferential elimination of the body parts they represent (Supplementary Fig. 2) . Somatotopic patterning and its relationship to specific body parts are assessed and manipulated most readily in the representation of the large facial whiskers in the PMBSF of S1 and VPN 3, 4, 14, 15 , leading us to study the PMBSF as a model for mecha nisms of topdown plasticity in this sensory system.
Our findings revealed a mechanism acting in the reduced S1 of cKO mice that favored the selective elimination of specific body map components, such as the entire barrel row A in the PMBSF, rather than miniaturizing all map components equally. We hypothesized that this mechanism was based on competitive interactions among VPN TCAs 33 , with the competitiveness of TCAs depending on the relative timing of differentiation of their body representations in S1. This competition would be exaggerated in the reduced S1 of cKO a r t I C l e S mice, which we predicted would result in the preferential elimination of VPN TCAs that formed laterdifferentiating representations in S1 followed by the death of their parent VPN neurons and the loss of the same body representations in the VPN. To test this model, we first examined the timing of the ingrowth of VPN TCAs into S1 and the differentiation of their S1 body representations. For this analysis we used a conditional genetic labeling technique to reproducibly label TCAs projecting from the sensory thalamic nuclei including VPN to cortex, which we visualized using GFP immuno staining by crossing mice from a Rora-IRES-Cre line 34 to mice from a ROSA26-GAP43-enhanced GFP (eGFP) line carrying a conditionally activated axon reporter 35 . During the first postnatal week, when TCA projections are developing 36, 37 , mice from the Rora-IRES-Cre line produced robust recombination throughout the VPN but not in neo cortex 34 and therefore GFP immunolabeling in S1 selectively labeled VPN TCAs (Supplementary Fig. 4 ). Using this labeling approach, we found that barrel row A was the last of the five rows in the PMBSF to differentiate (Fig. 7a-e) , which is consistent with previous studies on the developmental differentiation of the PMBSF in rats 38, 39 and mice 40 . Similarly, other representations of the body map that were most severely diminished in the cKO mice-for example, the ALBSFtended to differentiate later (Fig. 7a-e and refs. 38-40 ). These findings support our hypothesis that the timing of differentiation of distinct representations in the S1 body map formed by VPN TCAs dictate the competitive balance among them and the selectivity of the representa tions most severely affected in the cKO body map in S1 and VPN.
Previous studies have shown that competitive interactions between VPN TCAs can be manipulated during a critical period early in the first postnatal week by lesioning whisker follicles on the face, which induces a bottomup plasticity that ascends the somatosensory path way to S1 (refs. 3,4,11-13) . VPN TCAs representing the lesioned fol licles are at a competitive disadvantage, resulting in a reduction in the size of their terminations and corresponding barrels in S1 PMBSF and the possible loss of some VPN neurons representing the lesioned follicles 41 . Therefore, to test whether enhanced competition among VPN TCAs in the reduced S1 of cKO mice resulted in the selective loss of barrel row A, we lesioned the follicles of whisker row C on the faces of wildtype and cKO mice within hours of birth and analyzed the patterning of the S1 PMBSF at P7 using serotonin immunostaining on tangential sections of flattened cortices. These early lesions done at P0 induced a stronger bottomup plasticity than lesions done at P1 to identify rows in the S1 PMBSF (Supplementary Fig. 3) .
In unlesioned cKO mice at P7, four distinct rows of barrels (B-D) were evident, and although the barrels were smaller than those in the S1 PMBSF of wildtype mice at P7, they were clear and present in normal numbers (compare Fig. 8a to Fig. 3b,d,f) . In contrast, in cKO mice at P7 that had the C row of whisker follicles lesioned early on P0, the C row in the S1 PMBSF was virtually absent and had few barrels evident (Fig. 8b) . Coincident with this strong bottomup plasticity, the lesion done at P0 also resulted in a clear, albeit partial, rescue of row A in the PMBSF of S1 that was evident in cKO mice at P7 (Fig. 8b) . We conclude that this deprivation of Crow input to S1 altered the competitive balance among VPN TCAs and placed those representing row C at a competitive disadvantage, leading to their vir tual elimination from S1 of cKO mice and allowing TCAs representing the A row to compete more effectively for space in the reduced S1, which permitted a partial rescue of the A row representation.
Increasing S1 size rescues the body map Our findings suggest that the incomplete body map in the reduced S1 of cKO mice was due to an exaggerated competition among VPN TCAs for limited cortical space that was inadequate to accommodate npg a r t I C l e S the complete body representation. To further test this notion, we com plemented the folliclelesion experiment with a cortexspecific genetic approach designed to increase the size of the reduced S1 in cKO mice, and we predicted that this would rescue the missing body representa tions. For this approach, we created a new conditional Pax6 transgenic line (nestin-Pax6cTG), and by crossing mice from this new line to mice from the Emx1-IRES-Cre line 26 , we were able to selectively activate ectopic Pax6 in the same cortical progenitors in which endogenous Pax6 was conditionally deleted in the cKO mice (Supplementary Fig. 5) . We focused our analyses on the PMBSF of S1 in cKO mice and in cKO mice crossed to nestin-Pax6cTG mice (cKO; cTG mice).
Activation of the Pax6 transgene in cKO; cTG mice resulted in a significant (P = 0.0004) ~20% increase in PMBSF size in S1 compared to cKO mice (Supplementary Fig. 6 ). At P7, the cKO; cTG mice showed a partial, but clear, rescue of row A in the PMBSF (Fig. 8c) . In contrast to what we found in the folliclelesion experiment (Fig. 8b) , the other four PMBSF rows were unaffected and had the same appearance as those in S1 of cKO mice (Fig. 8b,c) . These findings support our conclusion that S1 size has a substantial influence on competitive interactions among VPN TCAs in S1 and their ability to survive; therefore, S1 size is a crucial parameter in determining the completeness of the cortical body map.
DISCUSSION
We exploited features of the mouse somatosensory system that led to its prominence as a model for sensory map development and bottomup plasticity and used this system to show the consequences of reduced cortical area size on the representation of the sensory peri phery and reveal a topdown plasticity that is driven by competition mediated axon elimination and neuronal apoptosis. We found that cortexspecific deletion of Pax6 resulted in an S1 with a substantially reduced size, showing that Pax6 is required in specifying S1area identity in cortical progenitors. The reduction in S1 size resulted in a miniaturized body map in the reduced S1 and a reproducible loss of specific representations of the sensory periphery from the S1 body map. Thus, genetic mechanisms intrinsic to the cortex place strict limitations on the physical dimensions of the cortical field that TCAs from the VPN thalamus are able to innervate, thereby determining the overall size, resolution and completeness of the S1 body map. This intrinsic limitation resulted in a defective S1 body map and engaged a topdown plasticity that repatterned the VPN thalamus retrogradely to match the reduced size of S1 and its aberrant body map. Before its repatterning, the VPN thalamus had a normal size and normal molecular differentiation, but its repatterning in cKO mice was predicted by differential amounts of COX activity, which correlate with the metabolic health and viability of neurons [30] [31] [32] , and molecularly normal VPN neurons with abnormally low amounts of COX were selectively eliminated through apoptotic cell death. A potentially diminished number of layer six corticothalamic axons 36, 37 may have also contributed to the reduction in VPN size in cKO mice.
Our findings in cKO mice reveal a mechanism that favors the reproducible elimination of selective parts of the body map rather than miniaturizing all map components equally. This mechanism is initiated by the preferential elimination of VPN TCAs that represent specific body parts from the reduced S1 and was manifested by an exaggerated apoptosis of VPN neurons that were densely concentrated in selective regions of the VPN rather than being more uniformly distributed across the nucleus. This mechanism seemed to be based on a competitive balance among VPN TCAs that was determined by the relative timing of differentiation of the body representations that they formed in S1, with TCAs that form laterdifferentiating representations being preferentially excluded from S1 and their par ent neurons being deleted from the VPN. This competitive model for topdown plasticity and its selectivity was further supported by two sets of experiments in cKO mice that showed that altering the competitive imbalance among VPN TCAs rescues representations in the S1 body map that are otherwise selectively eliminated, either by inducing classic bottomup plasticity through peripheral sensory deprivation or by a transgenic approach intrinsic to the cortex that partially restores the size of the genetically reduced S1.
We conclude that S1 size modulates competitive interactions among VPN TCAs, influencing the organization, resolution and completeness of the S1 body map that they form, which in turn initiates a topdown plasticity that drives the repatterning of the VPN thalamus through axon elimination and cell death to match the reduced size of S1 and its aberrant body map. It is probable that the reduced size of S1 dimin ished not only the space available for the termination of VPN TCAs but also the trophic support for them and their parent neurons. We propose that during normal development, these mechanisms tune sensory maps in the cortex and thalamus and account for the pre cise matching in thalamocortical and corticothalamic circuits that is required for the proper function of sensory systems. The mecha nisms demonstrated here can produce relatively minor adjustments in sensory maps, as well as the more substantial adjustments that are required by the prominent disparity in the sizes of primary sensory areas that is present even among the normal population [16] [17] [18] but that is exaggerated in individuals with certain neurogenetic disorders 20, 42 .
Potential roles for topdown plasticity complement those proposed for bottomup plasticity in tuning sensory components in the brain, with the sensory periphery accounting for normal and abnormal variations in their size and organization. Our findings lead us to speculate that size differences in sensory areas in humans above a critical threshold may have pathological consequences. For example, in autism spectrum disorder (ASD), largescale changes in the cortical gene expression profile that controls area patterning 43 coincide with massive expansion of the frontal cortex 42, 44 , but the overall cortical surface area shows little change in these individuals, implying that the more posteriorly positioned sensory cortical areas, including S1, are reduced in size, which may lead to defects in their sensory maps that resemble those in the reduced S1 of cKO mice. In addition, these changes in the sensory cortex would probably engage topdown plas ticity and lead to similar defects in the sensory thalamus, which is consistent with a reduction in thalamic volume in individuals with ASD 45, 46 . Neurodevelopmental mechanisms, including intrinsic neocortical area patterning and topdown plasticity and their con sequences, may contribute to the complex pathologies of ASD and other sensory processing disorders.
METhODS
Methods and any associated references are available in the online version of the paper.
Note: Supplementary information is available in the online version of the paper.
